Traumatic brain injury (TBI) is a leading cause of death and disability in both children and adults. TBI is complex, as it involves injury to multiple brain areas caused by both the initial injury and secondary events. The most persistent sequelae of TBI are cognitive and behavioral, reflecting the fact that the preponderance of damage is to the frontal lobes. Although the sequence of recovery follows a pattern, TBI is a heterogeneous disorder and rehabilitation programs must be tailored to the needs of the individual and his or her social situation. Specific therapy approaches, environmental structure, and medications all play a role. Many of the emerging approaches to facilitating CNS plasticity can be applied.
EPIDEMIOLOGY AND PROGNOSIS
In the United States, traumatic brain injury (TBI) occurs at a rate of approximately 538 per 100,000. 1 Most of these injuries are classified as mild, with 78% of patients treated in the emergency department without hospitalization; approximately 20% are hospitalized, and 3% die from the injury. Men outnumber women 2 to 1. The total economic impact from TBI in 2000 was estimated at $60.43 billion, with $9.22 billion in lifetime medical costs and $51.21 billion in lost productivity. 2 Estimated medical costs per injury were $14,809 (owing to the preponderance of mild TBI). The physical, cognitive, and behavioral sequelae of severe TBI are disruptive and often devastating to family and society. The early age at which TBI occurs combined with medical advances improving initial survival and increasing lifespan stand to increase this socioeconomic burden.
Falls remain the major cause of TBI at 32%, with motor vehicle accidents accounting for 19% and 18% attributed to ''struck by or against'' (which includes sports injuries, assaults, etc.). 1 Motor vehicle accidents account for most of the severe TBI in adolescents and young adults, while falls predominate in those younger than 5 years and older than 75 years of age. Alcohol is involved in upward of 50% of TBI cases, and intoxication at the time of injury is associated with a poorer outcome. 3 Epidemiologic studies use varying classifications of severity, making defining the boundaries between mild, moderate, and severe TBI difficult. Mild injuries are those with either a loss of consciousness of less than 30 minutes, an initial Glasgow Coma Scale (Table 10-1) score of 13 to 15, 4 or duration of posttraumatic amnesia (PTA) of less than 24 hours. A classification of mild does not necessarily imply that there will be no long-term effects. The severity of TBI is perhaps best thought of as a continuum.
The most reliable measure of severity as measured by the Glasgow Outcome Scale ( Table 10 -2) is the duration of PTA, 5 defined as the time from injury to the time when the person remembers daily events. PTA is most accurately measured by the Galveston Orientation and Amnesia Test (Table 10-3). 6 A score of 75 or above indicates that the person is out of PTA. Querying family members or asking the patient about his or her first memories serves as a retrospective proxy for PTA when accurate determination is not possible. Generally, patients with PTA for less than 2 months are unlikely to have an outcome of ''severe disability'' on the Glasgow Outcome Scale. 7 Although predictive in more severely injured patients who remain unconscious for several weeks, duration of coma is less accurate in predicting outcome in most patients because they are frequently sedated for variable lengths of time immediately after TBI. Good recovery is unlikely (less than 10%) for those remaining in a coma for longer than 1 month. 7 Age is also a powerful predictive factor. The probability of a good outcome after TBI declines as age advances, with only 6% of those over 60 years of age experiencing a good recovery after severe TBI. 8 Notably, many elderly patients with mild TBI do not return to their premorbid functional status. 9 Generally, a good functional outcome is unlikely for those over 65 years of age who remain in a coma (Glasgow Coma Scale score less than 9) for more than a few days, with many remaining in a persistent state of PTA. Those over 40 years of age also have a greater risk of declining function and cognition over the first 5 years after TBI. 10 While aging with a TBI has yet to be thoroughly investigated, accumulating evidence demonstrates that declines in cognitive and physical functioning occur over time, especially after age 50. 11 TBI likely causes increased vulnerability and decreased reserve to withstand the effects of aging and other diseases on nervous system functioning.
KEY POINTS
h Prognosis after traumatic brain injury is highly correlated with the length of posttraumatic amnesia.
h Patients with traumatic brain injury may experience declining cognitive function as they age. 
Traumatic Brain Injury
Static MRI and CT also correlate with outcome, although not as strongly as PTA. Deep brain injury on MRI and brainstem lesions and larger hemorrhages associated with midline shift on CT are both associated with worse outcome. 7 Diffusion tensor imaging (DTI) on MRI is capable of delineating subtle disruptions of axonal function, and the extent of these disruptions correlates with outcome. 12 DTI abnormalities are typically much more widespread than abnormalities on standard MRI. DTI can provide evidence of axonal injury in subjects with mild TBI who have a normal standard MRI. 13 In the future, functional imaging is likely to play a role in outcome prediction. Preliminary studies suggest that functional neuroimaging during active stimulation paradigms may predict outcome from persistent vegetative state. 14 Magnetic resonance spectroscopy provides information about the neurochemical status of the brain. Information obtained regarding certain metabolites in the brain after TBI may indicate the extent of brain damage and correlate with clinical outcome. Several studies found that magnetic resonance spectroscopy increased the accuracy of predictions made with traditional variables. A recent review provides details. 15 Serum biomarkers from substances released into the bloodstream after TBI may correlate with injury severity and have prognostic value. The most promising work shows that a compound called S100 calcium binding protein B obtained acutely after TBI has a strong correlation with clinical outcome. 16 A recent review 17 summarizes the literature on biomarkers following severe and mild TBI and gives directions for future research. Earlier reports suggested that the APOE *4 allele was associated with poor outcomes, but later studies have not replicated these findings. Additional work to identify genetic markers predictive of outcome following TBI is ongoing. 18 Passive electrophysiologic responses of the brain, including somatosensory-, visual-, and brainstem auditoryYevoked potentials, are useful in predicting a negative outcome following TBI, particularly the failure to emerge from coma or persistent vegetative state. 19 Longlatency responses, known as eventrelated potentials, are associated with higher cortical functions such as stimulus evaluation and response decisions. Much like fMRI, event-related potentials hold promise for improving outcome prognostication in TBI. 20 
PATHOPHYSIOLOGY
Pathologic changes after TBI are divided into two broad categories: focal versus diffuse and primary versus secondary ( Table 10- 4) . Focal injuries include epidural and subdural hematomas (EDHs, SDHs), intracerebral hemorrhages, focal contusions, and focal ischemia. Diffuse injuries may be caused by diffuse axonal injury (DAI), subarachnoid hemorrhage, hypoxia and hypotension, increased intracranial pressure (ICP), hydrocephalus, metabolic abnormalities, and infection.
Primary injury results from the combination of two forces: impact, leading to skull deformation and fracture with underlying focal injury, and accelerationdeceleration. The pathologic changes produced by acceleration reflect the differential motion of the brain within the skull. This process is repeated through many oscillations during deceleration, causing the brain to move over the rough surfaces at the bottom of the skull and to collide with the front of the skull. The typical location of contusions following TBI (ie, the frontal and temporal poles and the basal frontal and temporal lobes) reflects this process. Linear and rotational acceleration-deceleration forces lead to DAI that is most pronounced at the h Traumatic brain injury is comprised of a combination of focal and diffuse injuries that occur both at the time of injury (primary injury) and in a delayed fashion (secondary injury).
grayYwhite matter junction. This injury progresses centrally as the force increases, affecting the corpus callosum, cerebellar peduncles, and reticular formation/rostral brainstem. DAI is the likely cause of initial loss of consciousness. Previously, axonal disruption and distraction was thought to result only from direct shearing. Research over the past decade indicates a secondary cascade of axonal injury, perhaps beginning with impact depolarization leading to excessive release of glutamate. 21 Secondary injury, beginning with the outpouring of excitatory neurotransmitters, leads to a self-perpetuating cascade of events that results in the loss of ion gradients across cell membranes. This results in uncontrolled calcium influx, activation of lipases and proteases, and production of free radicals and arachadonic acid, which causes destruction of the cell membrane and additional vascular injury. This cascade remains a target for neuroprotective treatments (see the article ''Emerging Therapies in Neurorehabilitation''). Monitoring of ICP and attending to the potential for hematoma expansion and the development of hydrocephalus are important in preventing secondary injury. Sixty percent of severe and 40% of moderate brain injuries are accompanied by extracranial factors that may lead to secondary brain injury ( Table 10 -5) . Hypoxemia occurs in more than 30% of cases of severe TBI. Prevention of these complications remains a critical component of acute management.
Intracranial hematomas result from shear stress or lacerations of the intracranial vasculature. Most EDHs are associated with a skull fracture and are common in falls or when the skull is struck with an object. In these situations, EDHs are associated with less acceleration-deceleration injury than in a motor vehicle accident. The prognosis is good if promptly recognized and treated. SDHs occur from laceration of the bridging cortical veins. Although they can occur in isolation with minor trauma in older adults, when they occur in younger people they imply a greater degree of underlying brain injury. Intracerebral hemorrhages are produced by cortical lacerations and deep shearing injuries and may increase in size over the first few days following injury. Increased ICP can be the result of expanding hematomas, cerebral edema, and the development of hydrocephalus alone or in combination. Following TBI, autoregulation is impaired, and even small increases in ICP may result in significant reductions in cerebral blood flow. When increased ICP is accompanied by decreased systemic blood pressure, blood flow may be critically reduced resulting in global cerebral ischemia. Increases in ICP may also cause a herniation syndrome, local arterial compromise, and brainstem compression. In summary, the nature and extent of the deficits following TBI as well as the time course of recovery generally relate to a mix of three major pathologic processes: (1) DAI, (2) focal injury (focal hemorrhage, contusions, and ischemia), and (3) diffuse hypoxic-ischemic injury related to increased ICP or systemic factors.
ACUTE MANAGEMENT
A comprehensive discussion of acute management of TBI is beyond the scope of this article, but the following is a brief overview. An organized statewide trauma system with transport directly to a trauma center has resulted in lower mortality following TBI. 22 This is likely in part because of the adoption of national guidelines for management 23 that continue to be updated every few years. The guidelines recommend ICP monitoring (levels above 20 are increased) as well as keeping the cerebral perfusion pressure (mean arterial pressure minus ICP) above 60 in adults. Hypothermia is also suggested (see the article ''Emerging Therapies in Neurorehabilitation''). The routine use of steroids is not recommended, and the use of hyperventilation and osmotic diuretics should be reserved for acutely increased ICP. Other interventions for refractory increased ICP such as barbiturates, other sedatives, and decompressive craniectomy, while reducing ICP, do not appear to improve morbidity or mortality. 24 Hyperbaric oxygen acutely or chronically does not improve outcome. 25 Patients with TBI frequently sustain intrathoracic, intrabdominal, spinal cord, and brachial plexus injuries as well as fractures. The most frequent complications during the acute phase after injury include infections (pneumonia, wounds, urinary tract), venous thromboembolism, and disorders of sodium and fluid balance. Patients with significant underlying medical problems such as cardiovascular disease, severe arthritis, pulmonary disease, chronic renal disease, and prior brain injury or stroke are further compromised. These associated problems often affect the patient's level of alertness and ability to participate in early rehabilitation. Appropriate care of associated injuries and vigilant monitoring for complications are critical to good outcomes.
PHYSICAL, COGNITIVE, AND BEHAVIORAL SEQUELAE: CLINICAL-PATHOLOGIC CORRELATIONS AND IMPLICATIONS FOR TREATMENT
TBI produces a complex injury, the extent of which cannot be fully visualized with conventional neuroimaging. Thus, in most cases, structural-functional relationships are not clearly delineated. In general, focal and diffuse injuries combined, along with the premorbid characteristics of the individual and the factors affecting his or her rehabilitation, contribute to ongoing physical and neurobehavioral deficits. To facilitate treatment planning, as well as family and patient education, a patient profile that includes an estimate of severity and long-term prognosis should be established. Table 10 -6 lists factors to be considered in establishing such a profile.
Although complex and varying in severity at an individual level, the impairments following TBI occur in a somewhat predictable pattern. Because of the susceptibility of the frontal lobes to both contusions and DAI, cognitive-behavioral impairments predominate and may be the only detectable long-term abnormalities in those who have PTA for less than 2 to 4 weeks. Although not ''visible,'' these deficits can have devastating effects on social relationships and educational and work endeavors. As the severity of TBI increases, impairments in coordination, balance, speech, swallowing, muscle tone, and strength become more obvious, at times correlating with specific focal lesions. Table 10 -7 summarizes the typical locations of focal lesions in TBI and their consequences.
In general, most of the contusions and small hemorrhages resulting from TBI affect the anterior and inferior frontal and temporal lobes. Lesions in these areas generally result in impairment of processing functions (manipulating,
KEY POINT
h Impairment of executive functioning, behavioral changes, and slowed information processing are the result of the preponderance of frontal lobe injury in traumatic brain injury. organizing, and sequencing multimodal information), executive functions (anticipating, planning, selecting, modifying, and experimenting during environmental interaction), monitoring functions (self-awareness, self-control, and insight into impairments), and drive (initiating, modulating, and inhibiting behavior). The size, number, distribution, and depth of the lesions are determinants of the long-term sequelae. Significant deeper subcortical contusions along with DAI result in deafferentation and deefferentation of critical frontal and temporal multimodal association areas. Initially, the effects of focal cortical injury are masked and complicated by DAI and hypoxic-ischemic injury.
The specific cognitive and clinical impairments associated with damage to specific frontal lobe areas are summarized in Table 10 -8. Large or numerous bilateral lesions in the superior mesial frontal lobe result in profound akinesia and mutism, with absent spontaneity. This presentation is frequently seen after anterior communicating or anterior cerebral artery aneurysm rupture as well as TBI. Many of these patients are quite alert and not confused, although they may be very distractible and have poor attention. They may occasionally speak briefly, respond appropriately, and, if they recover, remember events that took place during the time they were seemingly not responsive. Unilateral or less numerous bilateral lesions result in less severe impairments, poor initiation and attention, and reduced spontaneity and affective expression. Based on such clinical evidence, the superior mesial frontal lobes appear to contribute a prominent activation component to internal states and external behavior, as well as motor programming, flexibility of behavior, and self-regulation. Functionally, these patients may simply sit and stare at their food or clothes, unable to initiate the process of eating or dressing. They may display no emotion and be unable to get up from bed or chair, despite having the motor function to do so.
Bilateral damage to the inferior mesial frontal region is responsible for amnesia, particularly for the temporal-spatial aspects of recent memory, as well as confabulation, disinhibition, inattention, lack of motivation, and utilization behavior. Such patients may incorporate events from the distant past into current time, assume things they hear regarding others pertain to them, speak or behave inappropriately to the situation or with disregard to others or their surroundings, and appear unmotivated to complete simple household tasks despite lists and prompts.
The dorsolateral frontal regions encompass large areas of the prefrontal cortex that have numerous connections to the orbital cortex, posterior cortical association areas, and subcortical structures. These areas mediate cognitive processes (that are to some degree lateralized) and cognitive flexibility. Characteristic impairments in these patients include poor integration and synthesis of information, disorganized thinking and behavior, perseveration with rigid thinking and stimulus-bound behavior, concrete-literal thinking, poor planning and impulsive responses, irritability, and lack of empathy. Left-sided lesions are associated with nonfluent aphasias and speech apraxia and right-sided lesions with visuospatial neglect and disorganization. These patients are unable to plan for and execute an event such as a trip or a dinner party, write an organized essay, or change strategies if their approach is not working. They become stuck on a particular idea or task or may be compelled to touch and handle any objects that come into their view. Additionally, they are often easily angered and unconcerned about others. They may also exhibit poor insight into the impact of their own deficits and proceed with activities such as driving or climbing a ladder in the face of weakness, incoordination, and visual impairments. Not surprisingly, these patients may see little need for rehabilitation.
Damage to the orbitofrontal region, with its extensive limbic, diencephalic, and dorsolateral frontal connections, results in significant changes in personality and social behavior, impulsivity, reduced empathy, and lack of sustained goal-directed behavior. These patients typically lack the profound cognitive impairments associated with dorsolateral frontal lobe damage, the akinesia associated with superior mesial lesions, and the amnesia associated with inferior mesial damage. However, patients with orbital frontal injury develop marked difficulties in social adaptation and adjustment out of proportion to any residual cognitive or physical disability. They may appear to be malingering, as their neurologic and standard cognitive testing may be intact. However, these difficulties may not become apparent until later in rehabilitation when highlevel judgment of social and other complex situations and anticipation of consequences is required. These deficits are frequently devastating to community functioning and employment.
Because the frontal lobes do not completely myelinate until the early twenties, children who sustain a TBI may initially appear to perform quite well in school only to fall further behind as the academic demands become less structured and their frontal lobeYmediated skills do not emerge. 26, 27 They often struggle with high school academic and social demands that frequently result in serious social or legal consequences, as illustrated by Case 10-1.
The typical anterior-inferior location of temporal lobe contusions contributes to the neurobehavioral profile, as these areas function as a unit in the emotional regulation of behavior. The mesial and KEY POINT h Children with traumatic brain injury may fall further behind their peers as time passes owing to the lack of development of frontal lobeYmediated skills.
posterior-inferior regions of the temporal lobes are involved in memory. Bilateral anteriomedial temporal lesions that damage the amygdalae and sensory-limbic connections may lead to Klüver-Bucy syndrome (placidity, bulimia, exploratory behavior, and altered sexual behavior). Right temporal lesions are associated with delusional thinking, paranoia, and temporal-spatial disorientation. Left temporal lesions are frequently associated with language deficits.
Prefrontal and temporal lobe damage thus clearly affects human adjustment and adaptation. It is not uncommon for patients with TBI to fail to use available information to guide their behavior even when they can verbalize the approach they should follow. It should be emphasized that these patients may appear to be intact on questioning but may pose extreme safety risks when actually required to perform. Rehabilitation programs must address these deficits of executive control of cognition and social behavior.
Focal ischemia and hypoxic-ischemic injury may also contribute to the deficits seen following TBI. Watershed infarction due to hypoperfusion and Case 10-1 An 8-year-old boy was struck in the head by a baseball bat, resulting in a depressed skull fracture and a right-much-greater-than-left frontal lobe hemorrhage. His initial Glasgow Coma Scale score was 8, and he was in acute care for 22 weeks without any complications. Upon transfer to acute rehabilitation he was awake and able to occasionally follow simple commands, but he remained nonverbal. He had a moderate left hemiparesis and poor attentional skills. He was placed on amantadine for attentional issues, and after a week the dose was increased to 100 mg 2 times a day. He remained in posttraumatic amnesia until about 42 weeks postinjury. He made excellent progress and was discharged home after 3 weeks of inpatient rehabilitation, at which time he was speaking in short phrases, feeding himself, dressing with minimal assistance, and ambulating independently with an ankle-foot orthosis on his left foot.
His parents wanted to stop the amantadine after a month at home. He returned to school 3 months later with considerable support services. He did reasonably well over the next 3 years and had only very mild weakness and decreased fine motor skills in the left upper extremity. He continued to require support in school. Neuropsychological testing at 4 years postinjury continued to show executive function impairments, poor divided and alternating attentional skills, and poor memory, especially for unstructured material.
In sixth grade his grades, which had previously been average, began to drop below average. He struggled with math and writing and could not complete multistep projects. After consultation with the physician, parents, and neuropsychologist, he was placed on methylphenidate with notable improvements.
In ninth grade his grades continued to fall, and he became irritable and oppositional. He had few friends and did not ''fit in'' with his peers because of poor and immature social skills. Additional support and counseling, as well as a move to a structured class setting, were instituted.
Comment. This case illustrates a very common situation that arises as a child with a brain injury matures and frontal lobeYmediated skills do not develop normally.
posterior-medial occipital and temporal injury from compression of the posterior cerebral arteries due to increased ICP may lead to language and visuospatial deficits, time disorientation, memory impairment, and cortical blindness.
DAI can produce clinical manifestations identical to those of focal frontal and temporal lobe injury because of disconnection of projections to and from these areas. The immediate effect of DAI is loss of consciousness without a lucid interval. Beyond the issues of arousal, the principal cognitive deficits of DAI involve attention, memory, and higherlevel processes such as organizational skills and planning. The aspects of attention most affected by TBI (likely from a combination of DAI and focal frontal lesions) are divided attention, the ability to shift attention, and susceptibility to distraction. These may be related to a decrease in information processing speed owing to widespread axonal disruption and disconnection. The memory impairments seen after TBI may in part be attributed to attention deficits and slow processing but are also the result of inefficient learning and problem-solving strategies. Because procedural memory (the ability to learn new motor and other skills) may be relatively preserved after TBI, patients with amnesia can often be taught simple routines. Performance scores on intelligence tests are slower to improve than verbal scores and are likely to remain persistently lower, reflecting the sensitivity of performance tasks to attention and speed of information processing. As recovery progresses, general intelligence testing may become normal despite persistent disabling executive dysfunction. Thus neuropsychological testing after TBI should include several assessments geared toward evaluating executive functioning, attention, insight, and emotional control.
Personality changes due to TBI result from disruption of frontal connections and resemble those caused by focal frontal lesions as previously described. Disintegration of social skills and the breakdown of social relationships are major contributors to long-term family stress following TBI. They frequently become apparent after hospital discharge and intensify over time. Specific language disorders seen poststroke are relatively uncommon after TBI unless an accompanying focal lesion is present.
Physical problems following moderate to severe DAI are less consistent and predictable than are the characteristic cognitive and behavioral problems. DAI is generally associated with a mix of motor impairments attributable to diffuse bilateral disruption of the connections between multiple motor systems. The typical distribution of DAI (parasagittal frontal and dorsolateral midbrain in particular) and the varying density of preserved versus destroyed axons underlie this heterogeneity. Severe motor impairments are often associated with brainstem injury, either directly as a result of DAI or secondarily from increased ICP.
Several patterns of motor dysfunction may be observed. Deficits are usually bilateral but asymmetric. Problems with head and trunk control, balance, and coordination frequently coexist with partial hemiparesis or quadriparesis. Gait impairments often consist of a combination of ataxia, spasticity, weakness, and apraxia. Movement disorders may accompany basal ganglia hemorrhages. Cognition and behavior also affect motor function. Dysphagia is common early but in most cases resolves with treatment over time. Dysarthria may persist in some cases. Associated spinal cord, peripheral nerve, or plexus injuries and fractures may also be present but not initially detected owing to cognitive dysfunction. Heterotopic ossification and contractures may also contribute to the patient's overall motor disability (Figure 10-1 incoordination and impairment of fine motor skills, ranging from the obvious to the barely perceptible, may persist.
Diffuse hypoxic ischemic injury, if present, will result in more profound memory impairments. If the anoxia, hypoxia, or hypotension is more severe, parkinsonian features, other movement disorders, and ataxia may appear, owing to the sensitivity of the basal ganglia and Purkinje cells to hypoxia. Ultimately, persistent loss of consciousness and a spastic hemiparesis is seen.
REHABILITATION IN ACUTE CARE SETTINGS
At many centers, rehabilitation physicians, at the request of neurosurgeons and trauma surgeons, first see patients with TBI while they are in the intensive care unit (ICU) and still on a ventilator. In this setting, the management of seizures, behavior, and spasticity, as well as prevention of complications, should be addressed. When seeing patients in the ICU, it is helpful to round with a nurse or midlevel provider who is a member of the trauma team and can answer questions regarding associated injuries, responsiveness, and major concerns. It is also helpful to briefly discontinue sedative medications to allow for a better assessment of the patient's level of consciousness and level of interaction with the environment. Coordinated, evidencebased protocols for managing TBI, including early involvement of rehabilitation services, have been shown to improve care efficiency by reducing costs and length of stay and to improve outcomes. 28, 29 Posttraumatic seizures are generally divided into early (less than 1 week postinjury) and late (more than 1 week postinjury). Administration of anticonvulsants during the first week after TBI reduces the incidence of early posttraumatic seizures but not late posttraumatic seizures. 30 The use of anticonvulsants for 1 to 2 weeks postinjury is recommended. Phenytoin had been the mainstay of this treatment, but both valproate and levetiracetam are frequently used. If no seizures occur, treatment is tapered after 2 weeks. Seizures that occur during the first 24 hours after injury are not predictive of the later development of epilepsy, but those that occur after 24 hours are. The presence of temporal or frontal hemorrhage, cortical laceration, and open injury all raise the likelihood of the later development of a seizure disorder. In some patients it may be months or years before the first seizure occurs, but 75% to 80% of those who eventually develop seizures do so within the first 2 years after injury. The overall incidence of repetitive seizures is 5% to 8% in patients with a closed TBI, 15% to 20% in patients requiring inpatient rehabilitation, and more than 35% in those with penetrating injuries. For patients with a closed TBI and no seizures during the first week after injury, ongoing prophylaxis is not recommended. Once a seizure occurs, the likelihood of developing an ongoing seizure disorder approaches 70%, and continued treatment is warranted in most cases. 31 As medical issues are being controlled, improving the patient's level of alertness is often a prerequisite for admission to inpatient rehabilitation. For this purpose, the evidence in the literature favors amantadine as a first choice. Although there is a risk of provoking seizures, clinically the incidence is low. Generally the starting dose is 50 mg 2 times a day, increasing to a maximum of 200 mg 2 times a day over 1 to 2 weeks. Other medications used in this setting include methylphenidate, bromocriptine, modafinil, and carbidopa/levodopa. With any of these medications, it is important to start at a low dose and increase the dose every 2 to 4 days as tolerated or until maximum doses or optimal benefit is achieved. 32 The use of multiple neurostimulants in combination is becoming increasingly common, particularly as the patient is moved to rehabilitation settings. No research on this practice has been reported, and careful risk-benefit assessment and close ongoing monitoring are required. In those with severe injuries, the use of multiple drugs, with the knowledge and approval of a responsible party, could be justified.
For those with severe injuries who remain in the ICU for more than a few days, prevention of contractures using aggressive therapy and splinting is paramount. These patients frequently develop severe spasticity, spasms, and dysautonomia consisting of hypertension, tachycardia, and central fever, particularly in younger patients. Significant dysautonomia is associated with the presence of brainstem injury or a history of hypoxia and with poor outcomes. 33 Bromocriptine and propranolol alone or in combination often control the symptoms. 34 Although oral antispasticity agents are frequently used, they have never been shown to improve outcomes following TBI. 33 Benzodiazepines have been shown to retard recovery in animal models of TBI (see the article ''Emerging Therapies in Neurorehabilitation'').
Patients requiring intubation and ventilation for more than 5 days may need a tracheostomy for airway management. Placement of a percutaneous feeding tube is recommended for those who are not expected to regain the ability to swallow within 2 to 3 weeks postinjury. Once placed, feeding tubes should not be removed for at least 2 weeks to allow the tract to heal, with some recommending up to 6 weeks before removal. Earlier removal may result in development of a peritoneal fistula or peritonitis from stomach contents entering the peritoneum. If the patient is likely to pull the tube or tracheostomy out, the hands can be placed in mitts and the abdomen can be covered with an elastic binder. If a tracheostomy or gastrostomy tube is removed, it should be immediately replaced. The position of the replaced gastrostomy tube should be assessed via contrast x-ray prior to use to avoid the potential of delivering tube feedings directly into the peritoneum. This is especially important if the tube is removed within the first 10 days after placement, as the stomach that has not yet adhered to the abdominal wall will fall away, making intraperitoneal placement more likely.
Although behavioral issues usually do not emerge in the ICU, they frequently become a problem in the acute care setting before the patient moves to rehabilitation. Acute care staff members often lack the training and time for structured behavioral interventions, and the patients still have other injuries and illnesses requiring attention. Thus, restraints and medications are often used by default in agitated patients. As noted previously, benzodiazepines and also many antipsychotics have the potential to impede recovery. A first approach would be to treat this posttraumatic delirium with a combination of a dopaminergic agent (eg, amantadine, methylphenidate) and a cholinergic agent (eg, donepezil, rivastigmine). This approach, which has received some sup-port in the literature, is based on the premise that the agitation is occurring because of the patient's confusion and that improving his or her attention and memory might decrease the agitation. 32 However, if the patient poses an immediate danger to himself/herself or others, judicious use of antipsychotics and/or restraints may be required. Case 10-2 illustrates the appropriate use of an antipsychotic in managing paranoid delusions following TBI. Placing the patient on one-to-one supervision may be an alternative to restraints but incurs a considerably increased cost. Posey or tentlike bed systems are usually not available in acute care settings and are not recommended for use in those with tracheostomies, IV lines, or essential external collars and fixators because the patient may easily disrupt or remove these before the bed can be opened.
Unfortunately, many acute care hospitals do not have adequate ongoing physical, occupational, and speech-language therapy services for patients with TBI to receive daily services as well as appropriate medical monitoring for changes
Case 10-2
A 50-year-old attorney sustained a significant traumatic brain injury with posttraumatic amnesia for 22 weeks. He was discharged directly home from acute care without a rehabilitation referral as he appeared to be doing well and was independent in all basic cares. He returned to the physician's office 3 weeks later wanting to return to work and driving. His neurologic examination was normal, and he did not appear to have any significant cognitive issues during the clinic visit. His wife noted some increased irritability, which she attributed to his desire to return to work. A few weeks later, his wife called and stated that her husband was not able to organize materials for trial and was accusing a long-time paralegal of stealing the material. At a deposition, he went on a rambling tangent that had little to do with the case at hand. He came home and accused his wife of taking money from their bank account and became verbally threatening. In the physician's office he denied all of this, saying there was reason to fire the employee. Neuropsychological testing revealed a frontal dysexecutive syndrome with poor organizational and sequencing skills, poor self-monitoring, rigid thinking, and paranoia. His general IQ was 132 and his memory and most attentional abilities were good. He was started on aripiprazole at 5 mg per day, which was increased to 10 mg per day after 3 weeks. His paranoia decreased, but his ability to function as a lawyer remained impaired. The aripiprazole was tapered and he was started on methylphenidate in the hopes of improving his executive functioning, but the paranoia returned and the aripiprazole was restarted.
Comment. This case illustrates an appropriate use of antipsychotic drugs to manage paranoid delusions.
in their condition. Patients spending more than a week in the ICU or more than 3 weeks in acute care frequently develop contractures and skin breakdown. These will prolong their rehabilitation and may compromise long-term outcome, especially if they impair mobility or require ongoing care or surgery.
INPATIENT AND OUTPATIENT COMPREHENSIVE REHABILITATION
Patients with severe TBI who are unable to dress, toilet, eat, or ambulate household distances with only occasional minimal assistance and those whose cognitive status necessitates constant supervision generally require inpatient rehabilitation. Patients receiving inpatient rehabilitation must require more than one therapy service and must have the potential to benefit from 3 or more hours of therapy per day. Those who remain unresponsive or have severe physical limitations may be discharged to a skilled nursing facility, either on an interim basis if their condition improves or permanently if it does not. Some states have programs that provide financial support, nursing, and therapy services to allow patients with severe impairments to return home. Many of these programs also provide ongoing support services such as housing assistance, transportation, ongoing therapy, life skills training, counseling, and vocational or educational services to facilitate community reintegration. Upon entry to inpatient rehabilitation, the physician constructs a thorough history by reviewing records, imaging, and laboratory results and by questioning family members, prior providers, and the patient as much as practical. The physician conducts a physical examination targeted at identifying any medical issues and previously undiagnosed injuries that require attention and ascertaining the general level of the patient's physical and cognitive functioning. Other members of the rehabilitation team contribute their assessments and information as the rehabilitation team assembles a patient profile as noted in Table 10-6 . Such a profile guides the development of a tailored rehabilitation program and is helpful in estimating the length of inpatient rehabilitation stay and in deriving a general prognosis.
Rehabilitation treatment strategies are generally based on the patient's current stage of recovery. The Rancho Los Amigos Scale (Appendix B) is perhaps the most widely used instrument and divides recovery into discrete stages. The following discusses overall treatment strategies based on a similar paradigm.
Patients who have a safe and appropriate discharge plan regardless of outcome, and children, teenagers, and young adults may begin acute rehabilitation in the unresponsive vigilance/ vegetative state, which is marked by the restoration of spontaneous eye opening and sleep-wake cycles. Appropriate interventions at this stage are directed at treating medical conditions and preventing complications, as mentioned previously in the acute care section. Institution of a scheduled multimodality stimulation and monitoring program allows assessment of responsiveness to be tracked over time. Many patients initially respond only intermittently, after a substantial delay, or to only selected stimuli. In those who improve, responses progress from a generalized response to a focal response to purposeful movement. Although no convincing evidence has demonstrated that a structured stimulation program in humans hastens emergence from coma, evidence from animal models does indicate that an ''enriched environment'' consisting of increased handling and social contact improves recovery from cerebral injury (see the article ''Emerging Therapies in Neurorehabilitation'' for detailed discussion). If the patient is not already on a h Recovery from traumatic brain injury progresses through predictable stages, and the general rehabilitation approach is based on the stage of recovery.
neurostimulant medication, one could be started at this time. Other medications, particularly those with cognitive side effects, should be minimized (patients frequently arrive from acute care on numerous pain or sedative medications).
Patients who are not showing steady improvements in responsiveness should be assessed for neurologic complications such as hydrocephalus, subclinical seizures, and postcraniectomy syndrome, as well as infections and metabolic and endocrine derangements ( Table 10- 9) . Neuroendocrine disorders are present in 20% to 25% of long-term survivors of severe TBI, and hypopituitarism following TBI has been associated with poor outcomes. 35 Screening for neuroendocrine disorders at several points during recovery should become a standard of care. For those with limited or no improvement, training and education of caregivers and assembling home care equipment and services becomes a primary focus.
Visual fixation and tracking herald the transition to the mute/low-level respon-siveness stage. Localized and purposeful responses to stimuli become increasingly frequent. The ability to follow simple commands usually predates the emergence of spontaneous speech. Muteness tends to last longer in young children and those with extensive parasagittal DAI or focal left frontal lesions. The main rehabilitation goals during this phase are establishing a simple and reliable means of communication, maintaining mobility and developing trunk control, and engaging in parts of functional tasks as able. If progress has been slow, addition of a second neurostimulant may be carefully considered.
The confusional state is defined by reestablishment of verbal communication; other cognitive operations remain significantly degraded by severe attentional deficits and agitation. Undirected aggression may appear, at times alternating between minimal responsiveness and agitation. The patient remains in PTA with virtually no encoding of new events or new learning. Patients are oriented to self only and exhibit no insight into their problems. The end of this stage is marked by emergence from PTA, including orientation to the place and the basics of time. Appropriate levels of stimulation and adequate structure are most important at this stage. Treatment sessions may need to be shortened and take place in a quiet environment. Familiar people, pictures, and objects help with orientation. Interactions remain simple and concrete and arguments should be avoided with redirection. Fatigue should be avoided as it adds to confusion. Routine sleep-wake cycles, pacing of activities, and structured rest periods during the day are helpful.
The goal is to increase the patient's orientation and attention to task while continuing to improve mobility and participation in daily tasks. Delayed reward systems generally do not work during this phase, and immediate rewards are needed to shape behavior. Swallowing can be reassessed and trials of feeding may be started with a modified diet and close supervision. Serotonergic agents may be useful in reducing irritability and agitation, and valproate or other anticonvulsants may also be helpful. 32, 33 A Cochrane Review reported that propranolol had the best evidence for treatment of TBI-related agitation. 36 Propranolol may need to be titrated slowly to avoid precipitous drop in blood pressure or pulse. Generally 40 to 160 mg/d in divided doses is required to control agitation. As illustrated by Case 10-3, a Posey or tent bed may be useful and help avoid the use of restraints.
The stage of evolving independence occurs with the resolution of PTA and improvements in attentional skills that allow more appropriate and effective interactions with therapists. The patient becomes continent, is able to eat independently after the plate is prepared (eg, containers opened, meat cut), and performs basic activities of daily living and mobility skills with minimal help or supervision. Patients are broadly aware of their physical limitations, but significant safety concerns persist because they have only limited insight into the impact of their cognitive and behavioral deficits. Case 10-4 illustrates potential long-term behavioral problems.
Discharge from inpatient rehabilitation occurs when the patient requires little or no assistance and only general supervision (a level that most caregivers and families can provide), or when the patient fails to make functional gains, requiring transfer to a longer-term treatment program. Early goals following discharge focus on achieving independence in basic daily activities, encouraging appropriate social behavior, enhancing awareness of limitations, and beginning to develop skills that will eventually allow the person to independently access the community. Structured treatment and environmental conditions are still needed, although the person is encouraged to become involved in goal Case 10-3 A 25-year-old man incurred a traumatic brain injury from a high-speed motor vehicle crash. His MRI showed numerous bifrontal contusions and corpus callosal diffuse axonal injury. The rehabilitation physician recommended starting amantadine at 100 mg 2 times a day. While the patient was still in acute care, he began to emerge from coma with intermittent visual fixation and tracking 4 weeks postinjury. He was admitted to an inpatient rehabilitation facility 5 days later with a tracheostomy and percutaneous endoscopic gastrostomy tube. Modafinil 200 mg per day was prescribed in an attempt to improve consistency of alertness.
He began following some commands 7 weeks postinjury. Physically, he had generalized incoordination and poor trunk control. He became more agitated and impulsive and was placed in a Posey bed.
He gradually improved over several weeks of high-intensity therapy, and posttraumatic amnesia resolved at about 10 weeks postinjury. He was discharged to an outpatient program but continued to require fairly close supervision because of impulsivity and cognitive impairment. He developed unexplained explosive behavior, threatening his parents at times. The physician began propranolol and over 4 weeks increased the dose to 40 mg 2 times a day, with partial success in decreasing the behavioral issues. Ultimately, the patient was able to access services through a state Medicaid waiver program that enabled him to live in a semi-supervised setting with access to an on-the-job training program at a local food market.
Comment. This case illustrates a medical approach to managing unprovoked agitation and aggression.
setting and treatment planning. Detailed neuropsychological testing is frequently undertaken upon discharge to facilitate treatment planning and refine ultimate prognosis.
The attainment of the intellectual and social competence stage evolves over a proportionally longer period of time, spanning months to years. Many patients with severe injuries never achieve this level. Persistent deficits in executive and organizational skills, memory, and information processing speed and behavior or mood disturbances are the usual impediments to successful return to school or employment. Insight into one's KEY POINTS h Structured rehabilitation programs and environment, family education, and pharmacotherapy all play a role in the long-term treatment of traumatic brain injury.
h Persistent cognitive-behavioral deficits often preclude return to work or school.
Case 10-4
A 58-year-old man was involved in a motorcycle accident and sustained bifrontal contusions and a left shoulder injury. He had about 1 week of posttraumatic amnesia and was discharged home directly from acute care with minimal physical issues (problems using his left arm, mildly impaired balance).
After 2 months, he began asking his wife where she was hiding items he could not find and expressed suspicion about the behavior of a long-time business associate. He was still having difficulty using his left arm but refused to see a physician about it.
After another month, he became more irritable and easily angered, often swearing, and he physically grabbed and shook his wife on two occasions, claiming she was having an affair and that his business associate was stealing from him. His family physician started sertraline and escalated the dose to 150 mg per day over 3 weeks. His wife tried to tell him that he was the one making accounting errors.
This behavior continued to escalate and at 5 months postinjury he was brought to see a rehabilitation physician. On examination he was alert, with a normal Mini-Mental State Examination and some general clumsiness and mildly impaired balance. His left biceps reflex was absent. His deltoid strength on the left was 2/5, biceps 3/5, brachioradialis 3/5, and wrist extension 3+ to -4/5. He complained of an annoying burning pain in his left shoulder and upper arm.
Neuropsychological testing that included interviews with the patient, his wife, and his daughter revealed impaired complex attention, judgment, organizational skills, and insight as well as a paranoid delusional belief about how othersVhis family, friends, and business associatesVwere all betraying him, stealing from him, and plotting to ''do away with him.'' EMG was consistent with a partial upper trunk left plexus injury.
He was started on aripiprazole 5 mg at night and his sertraline was reduced to 75 mg per day. Over 3 weeks the aripiprazole was increased to 5 mg in the morning and 10 mg in the evening. He was placed on gabapentin for neuropathic pain and went to physical therapy for strengthening and other left arm exercises.
His behavior improved but he remained unable to perform at his occupation in accounting. He retired early. He and his wife separated after 35 years of marriage because of continued issues.
Comment. This case illustrates some of the very long-term neurobehavioral issues following traumatic brain injury and how other neurologic injuries may be undiagnosed while a patient is in acute care.
limitations improves but might trigger greater frustration and depression. Evidence supports the use of serotonergic antidepressants combined with cognitive-behavioral interventions for treating depression following TBI. 37 Residual physical impairments and mental fatigue (commonly seen in CNS injuries and disease) may also pose limitations. Premorbid drug and alcohol abuse may reemerge, and family instability may create an unstructured and unsupportive environment. 38 Patients usually continue in an outpatient therapy program for several months and then enter a community reintegration program. Unfortunately, these programs do not exist in many areas, and when they do, they are not funded by conventional insurance, leaving many without options. Supported employment, supervised community living, or vocational retraining may be needed.
Neuropsychological testing should be repeated at 1 and 2 years postinjury to establish final prognosis and to guide medical interventions such as the use of dopaminergic or cholinergic medications for cognitive dysfunction, depression, or other psychiatric disorders that may emerge. 36 In children, testing should be repeated at 2-year intervals until age 18 or 20 because many children will not develop normal cognitive skills, and testing is needed for educational and career planning. Premature return to work or school without needed support may have disastrous consequences, and continued involvement of the rehabilitation team is recommended. Resumption of driving is often an issue at this phase. Referral to a driver's assessment and training program is recommended if there is any question about the capacity to drive.
Numerous reports support the utility of comprehensive rehabilitation programs in the early TBI recovery phase, and recent reviews indicate that reha-bilitation programs are also beneficial in the chronic phase. 39 Evidence also supports the effectiveness of cognitive rehabilitation strategies, especially those that are a part of comprehensive day treatment programs. 40 Older adults benefit from rehabilitation strategies that incorporate principles of geriatric rehabilitation and set realistic goals. 41 CHILDREN AND ADOLESCENTS TBI is the leading cause of death and disability in children and adolescents 42 and is more common in those who live in situations of psychosocial adversity. In addition, TBI is more likely to occur in children who exhibited preinjury behavioral or cognitive disturbances (eg, oppositional defiant disorder, attention deficit hyperactivity disorder). As seen on MRI, grayYwhite matter junction and corpus callosal injuries frequently occur. Children younger than 5 years of age are more prone to the development of significant brain edema.
Ninety percent of children with PTA for over 3 weeks show persistent cognitive impairment. 26 For many, the full extent of their limitations do not become apparent until they become teenagers and young adults. Thus, continued monitoring and repetitive neuropsychological testing are needed to update both medical treatment and educational programs. A fair number of children with TBI under the age of 5 are victims of child abuse and thus lack the supportive environment necessary to foster continued recovery. Table 10 -10 presents factors contributing to the development of persistent behavioral and cognitive deficits in children with TBI.
Treatment of impairments following TBI in children is similar to treatment of these impairments in adults; however, a few important differences should be emphasized. First, the child's age and h Traumatic brain injury is the leading cause of death and disability in children and young adults.
continued growth and development must be considered, as these will affect both physical and cognitive treatment. For example, children with hemiparesis are more likely to develop scoliosis and other skeletal deformities than adults. Additionally, children under the age of 12 have not developed many of the abstract reasoning skills that characterize adults, and, as a result, behavioral expectations are different. Continued follow-up with family and school are essential to detect behavioral and academic problems as early as possible to ensure optimal treatment. In children with TBI, family education and counseling assume even greater importance, and siblings also need to be involved. Finally, pharmacologic interventions for children are similar to those in adults; however, use of neuroleptics is generally avoided in the absence of frank psychosis. The frequent occurrence of mental health issues in parents of children with TBI and the presence of premorbid behavioral issues in the child make decisions regarding medical treatment very difficult. Case 10-5 illustrates the impact that premorbid mental illness may have on outcome following TBI.
KEY POINT
h Family and social support is critical to recovery in children.
Case 10-5
A 12-year-old girl was struck by a car while crossing a street. She was in a coma for 22 weeks and had posttraumatic amnesia for 7 weeks. She was admitted to acute rehabilitation at 4 weeks postinjury. Because of several attentional impairments she was started on methylphenidate, which was slowly increased to 10 mg 2 times a day. Her father had committed suicide when she was an infant and her mother has been treated for bipolar disease.
She was discharged to the care of her mother at 9 weeks postinjury with mild ataxia, dysarthria, right hemiparesis, and severe memory and executive function impairments. Two years later she was hospitalized after a suicide attempt and placed on citalopram. Her methylphenidate was stopped. At the age of 16 she was arrested for stealing. At the age of 17 she was arrested for cocaine abuse and was also intoxicated with alcohol. At the age of 18 she returned to the clinic with a 1-month-old baby and her grandparents, who were concerned about her mood swings, spending spree behaviors, and ability to care for her child. Neuropsychological testing revealed severely impaired memory and executive function, as well as responses consistent with bipolar disease. Her overall IQ was 78. She was placed on lamotrigine and later aripiprazole was added. Her mood swings abated and her grandparents continued to provide assistance.
Comment. This case illustrates the impact of mental illness on traumatic brain injury. h Current approaches to traumatic brain injury rehabilitation have research support, but more definitive studies are needed.
